. The normal mechanisms of pregnancy-induced liver growth are not maintained in mice lacking the bile acid sensor Fxr. Am J Physiol Gastrointest Liver Physiol 298: G151-G158, 2010. First published October 8, 2009 doi:10.1152/ajpgi.00336.2009.-Rodents undergo gestational hepatomegaly to meet the increased metabolic demands on the maternal liver during pregnancy. This is an important physiological process, but the mechanisms and signals driving pregnancy-induced liver growth are not known. Here, we show that liver growth during pregnancy precedes maternal body weight gain, is proportional to fetal number, and is a result of hepatocyte hypertrophy associated with cell-cycle progression, polyploidy, and altered expression of cell-cycle regulators p53, Cyclin-D1, and p27. Because circulating reproductive hormones and bile acids are raised in normal pregnant women and can cause liver growth in rodents, these compounds are candidates for the signal driving gestational liver enlargement in rodents. Administration of pregnancy levels of reproductive hormones was not sufficient to cause liver growth, but mouse pregnancy was associated with increased serum bile acid levels. It is known that the bile acid sensor Fxr is required for normal recovery from partial hepatectomy, and we demonstrate that Fxr Ϫ/Ϫ mice undergo gestational liver growth by adaptive hepatocyte hyperplasia. This is the first identification of any component that is required to maintain the normal mechanisms of gestational hepatomegaly and also implicates Fxr in a physiologically normal process that involves control of the hepatocyte cell cycle. Understanding pregnancyinduced hepatocyte hypertrophy in mice could suggest mechanisms for safely increasing functional liver capacity in women during increased metabolic demand. cholestasis; bile acids; liver regeneration; cell cycle DURING PREGNANCY, enhanced hepatic metabolism is essential to accommodate the increased demand for energy from the developing fetus and the detoxification of fetal metabolites. The pathological consequences of gestational metabolic stress on the liver are highlighted by pregnancy-specific liver diseases including intrahepatic cholestasis of pregnancy, hemolysis, elevated liver enzymes and low platelet count (HELLP) syndrome, and acute fatty liver of pregnancy (12).
Hepatocytes maintain the ability to enter the cell cycle and proliferate in response to mitogenic signals (24) . The increase in hepatic capacity during pregnancy in rodents is considered to be met by marked liver enlargement (20) . This gestational hepatomegaly has been incompletely characterized, and the cellular mechanisms and signals driving the growth are not known. Pregnancy is associated with alterations in a number of metabolic parameters that are likely to contribute to gestational liver enlargement; examples of these are hyperphagia, insulin, IGF, growth hormone, placental lactogen, and reproductive hormone signaling (2, 5, 9, 10, 26) . These factors play important roles in maintaining other physiological adaptations of pregnancy and are likely to have redundant, additive, and complementary roles on driving liver growth.
Bile acids and their nuclear receptors Fxr (NR1H4), Car (NR1I3), or Pxr (NR1I2) are required for the normal mechanisms of liver regeneration following partial hepatectomy (8, 14) . Because bile acids are raised during pregnancy in humans (4) and cause liver growth in rodents (14) , they could form a component of the signal driving liver growth during pregnancy. However, long-term exposure to raised serum bile acids results in hepatocellular carcinoma (15, 27, 28) and indicates that tight control of the cell cycle during gestational hepatic enlargement is important. Understanding the mechanisms underlying liver growth during pregnancy is, therefore, of particular interest, as it involves the regulation of the cell cycle and adaptive organ enlargement during a normal physiological event and in the presence of mitogenic signals.
In the present study, pregnancy-induced liver growth is characterized in detail for the first time. In addition, the role of physiological concentrations of reproductive hormones, bile acids, and the nuclear receptors Fxr and Pxr in gestational liver enlargement has been determined. These studies provide novel insights into the temporal control of maternal liver growth and the mechanisms and signals driving gestational liver enlargement.
MATERIALS AND METHODS

Materials. Diets were made by Special Diet Services (Essex, UK).
Wild-type mice were from Harlan Laboratories (Bicester, UK). Pxr Animal treatments. Animal treatments were conducted in accordance with The Animals (Scientific Procedures) Act 1986. Procedures were approved by the Imperial College London ethical treatment of animals committee. Age-matched 10 -12-wk females were used. Reproductive hormone treatments were conducted as described (6, 16 -18) . Mice were ovariectomized and allowed to recover for 14 days before subcutaneous implantation of silastic tubing containing 17␤-estradiol (E2; 33 g/ml) and progesterone (P4; 0.5 g/ml) or vehicle (Sigma-Aldrich, Dorset, UK) for 18 days. These concentrations result in serum levels equivalent to those in pregnant mice (16 -18) . Nonpregnant animals were killed on the day of conception, and pregnant animals were killed on the 18th day of gestation. Nonpregnant and pregnant 0.5% cholic acid-fed animals received dietary modification for 30 Ϯ 2 days. Tissues were collected between 1:00 PM and 2:00 PM, following a 4-h fast.
Serum bile acids. Serum bile acids were determined enzymatically by the 3␣-hydroxysteroid dehydrogenase reaction. Bile acids are converted to 3-keto steroids and NADH, which reacts with nitrotetrazolium blue to form formazan dye that is measured (Sentinel Diagnostics, Milan, Italy).
Immunohistochemistry. Immunohistochemistry was performed according to manufacturer's instructions for ␤-catenin (Santa Cruz Biotechnology, Santa Cruz, CA), Ki-67 (Dako, Ely, UK), and phospho-histone-H3 (Santa Cruz Biotechnology). Five images were analyzed per animal at ϫ40 magnification.
Nuclear DNA content. Nuclear DNA content was quantified as described (25) . Sections were stained with Hoechst 33342 (Invitrogen, Carlsbad, CA) (1 g/ml) and imaged at ϫ40 magnification. Cell Profiler software (3) identified hepatocyte nuclei and summed the fluorescence of each pixel within the nucleus. One hundred nuclei per animal were considered. The proportion of binucleate hepatocytes was consistent in all mouse treatments, but these were excluded because of artifacts caused by overlapping nuclei.
Hepatocyte apoptosis. Hepatocyte apoptosis was assessed by terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) assay on histological sections according the manufacturer's instructions (Promega, Madison, WI).
Western blotting. Western blotting was performed on 100 g of protein, pooled from six mice. Rabbit polyclonal Cyclin-D1, p27, p53 (Santa Cruz Biotechnology), p21 (Cell Signaling Technology, Danvers, MA), and mouse monoclonal GAPDH (Chemicon, Billerica, MA) were used. Horseradish peroxidase-conjugated secondary antibodies (Dako, Glostrup, Denmark). Bands were detected by ECL Advance Western Blotting Detection Reagents (GE Healthcare, Little Chalfont, UK).
Statistics. Data are presented as means Ϯ SE of at least five animals. Statistical significance was calculated using Student's t-test and one-way or two-way ANOVA, indicated in the figure legends. Significance is defined as P Ͻ 0.05.
RESULTS
Characterizing gestational liver growth in normal mice.
Mean liver weight in 18-day pregnant mice increased 66% (P Ͻ 0.01) compared with nonpregnant animals (Fig. 1A) . Whereas liver-to-body weight ratio in 18-day pregnant mice is the same as in controls, on the 12th day of gestation, liver weight is disproportional to maternal body weight (Fig. 1B) . Liver weight was also determined in pregnant mice with naturally varying numbers of viable implantation sites. Fiftysix percent (r 2 ) of the observed variation in liver weight can be attributed to the number of fetuses (P Ͻ 0.001) (Fig. 1C) , whereas liver-to-body weight ratio was unaffected by the number of fetuses (data not shown). Together, these data suggest that the liver does not simply sense and respond to changes in maternal body weight and that the signal driving gestational liver enlargement has an effect that is proportional to fetal number or associated placental mass.
Increased liver size may result from hepatocyte hyperplasia or hypertrophy. Representative liver sections stained with anti-␤-catenin antibodies reveal an apparent increase in cell size in pregnant mice compared with nonpregnant controls (Fig. 2A) . Indeed, the number of hepatocytes per microscope field was reduced by 19% in pregnant mice, which is consistent with hepatocyte hypertrophy (Fig. 2B) . The Ki-67 protein is present during all active phases of the cell cycle (G1, S, G2, and M) but is absent from resting cells (G0). Pregnancy induced hepatocyte cell-cycle progression, as measured by a 10-fold increase in Ki-67-positive hepatocytes (P Ͻ 0.01, Fig. 2C ), but there was no change in mitotic figures (Fig. 2D ), suggesting cellcycle arrest before mitosis. In addition, TUNEL assays showed no changes in the proportion of apoptotic cells (P ϭ 0.46) (data not shown). Quantitative fluorescent imaging of Hoechststained hepatocyte nuclei clearly shows that pregnancy caused the emergence of a cell population containing twice the DNA content of controls (Fig. 2E ). This result was confirmed, on biological replicates, by fluorescence-activated cell sorting analysis of propidium iodide-stained crude-isolated primary cells (Supplemental Fig. S2 ). These results indicate that a large proportion of hepatocytes progress through S-phase before arresting before mitosis.
The hepatic protein expression of a number of cell-cycle regulators was analyzed (Fig. 2F ). The expression of p53 was upregulated, whereas Cyclin-D1 and p27 were considerably downregulated in pregnant mice compared with nonpregnant controls. Hepatic p21 expression was unaffected. These findings demonstrate that pregnancy differentially affects the expression of key cell-cycle regulators during the observed cellcycle entry and arrest before mitosis.
Therefore, we have demonstrated that gestational liver enlargement is dependent on fetal number, precedes maternal body weight gain, and is achieved by hepatocyte hypertrophy that is associated with altered expression of cell-cycle regulators, cell-cycle entry, progression through DNA replication, and arrest before mitosis.
Gestational liver growth occurs in the presence of raised serum bile acids. To determine the potential involvement of bile acids and reproductive hormones in gestational liver growth, liver weight and serum bile acid levels were determined in control mice, pregnant mice, mice fed a 0.5% cholate diet for 30 days, and mice implanted with silastic implants containing E2 and P4 for 18 days. Food consumption was not affected by either reproductive hormone or cholate treatment but was increased by 32% in the pregnant mice (data not shown, P Ͻ 0.01). Pregnancy and cholate feeding cause a similar increase in liver weight (66% and 63%, respectively; P Ͻ 0.01) compared with controls. The E2 and P4 treatments had no significant effect on liver weight (Fig. 3A) but caused uterine swelling in all animals compared with vehicle treatment, demonstrating that the hormone treatment was effective. Serum bile acid levels showed a sevenfold increase in pregnant mice (P Ͻ 0.05) and 14-fold increase upon cholate feeding (P Ͻ 0.01) compared with control mice and were not signifi- cantly affected by the reproductive hormones (Fig. 3B ). These data demonstrate that physiological doses of reproductive hormones are not sufficient to drive liver growth. However, bile acids may have a role in mediating gestational liver enlargement.
Cholate feeding causes cell-cycle progression, polyploidy, and hepatomegaly by hyperplasia. For comparison of pregnancyinduced and cholate feeding-induced liver enlargement, a time course study was conducted to determine the effect of feeding a 0.5% cholic acid-supplemented diet. Cholate feeding caused marked and rapid liver growth between 3 and 7 days (Fig. 4A) . There was no effect on hepatocyte size (Fig. 4B) , demonstrating that the liver enlargement is not a result of hepatocyte hypertrophy. Ki-67-positive hepatocytes (Fig. 4C ) and phospho-histone-H3-positive mitotic figures (Fig. 4D) were increased 290-fold and 2.5-fold, respectively, on the seventh day of feeding, and the cholate diet induced hepatocyte polyploidy, as measured by increased nuclear DNA content (Fig. 4E , Student's t-test, P Ͻ 0.05). These data demonstrate that cholic acid feeding causes liver growth by hepatocyte hyperplasia, which is associated with increased nuclear DNA content.
Cyclin-D1 expression increased after 3 days of cholate feeding and remained higher than controls upon continuation of the feeding regimen (Fig. 4F) . p53 protein expression was reduced on the third day of feeding and remained lower than controls despite a small increase in expression between day 7 and day 30. p27 expression was initially downregulated by the cholate diet but increased markedly following long-term cholic acid feeding (Fig. 4F) . The expression of p21 was initially unaffected by the cholate diet, but its expression was markedly increased following 7 days of feeding and remained high following long-term treatment. Cholate feeding, therefore, has temporally distinct effects, and upregulation of tumor suppressors following 7 and 30 days of feeding coincides with a stable liver/body weight ratio between these time points (Fig. 4A) .
We conclude that, unlike pregnancy-induced hepatomegaly, cholate feeding causes liver growth primarily by hyperplasia. However, both cholate feeding and pregnancy cause cell-cycle entry and polyploidy.
Gestational liver growth is bile acid independent, and Pxr and Fxr are not required. To further investigate whether bile acids play a role in pregnancy-induced liver growth, we studied gestational liver enlargement in wild-type mice, long-term cholate-fed mice, and mice nullizygous for either Fxr or Pxr. In long-term cholate-fed animals, pregnancy caused a further increase in serum bile acids (76%) and liver weight (37%) (Fig. 5,  A and B) . These results demonstrate that pregnancy can cause raised serum bile acids and a second wave of liver growth in long-term cholate-fed animals. As expected, nonpregnant Fxr Ϫ/Ϫ mice had higher bile acids than nonpregnant wild-type mice (Fig. 4A) . Despite no significant changes in serum bile acids in pregnancy, we found that both Fxr Ϫ/Ϫ and Pxr
mice undergo gestational liver enlargement that is not significantly different to that observed in wild-type animals (Fig. 5, A  and B) . These data suggest that bile acid signaling via these receptors is not required to induce or maintain gestational liver growth in mice.
The normal mechanisms of gestational liver growth are not maintained in the absence of Fxr. Because bile acids, Pxr, and Fxr are implicated in liver regeneration after partial hepatectomy, the mechanism of pregnancy-induced liver growth was analyzed in the absence of Fxr and Pxr and in the presence of cholate-induced maternal cholestasis.
Long-term cholate-fed animals and Pxr Ϫ/Ϫ mice undergo gestational liver growth by similar mechanisms to wild-type mice. This was shown by a decrease in the number of hepatocytes per microscopic field (Fig. 6A ) and increased Ki-67 staining (Fig. 6B ) in the absence of mitotic hepatocytes (Fig.  6C) . We note, however, that the nonpregnant Pxr Ϫ/Ϫ animals had a lower proportion of phospho-histone H3-positive mitotic figures than control mice. In contrast to controls and Pxr Ϫ/Ϫ mice, pregnancy did not result in a further increase in nuclear DNA content in the long-term cholate-fed animals (Fig. 6D) , indicating that cell-cycle progression is terminated before Sphase in these mice. In Fxr Ϫ/Ϫ mice, the pregnancy-associated increase in hepatocyte size was not as marked as in wild-type animals (Fig. 6A) . Furthermore, in Fxr Ϫ/Ϫ mice, the proportion of mitotic figures was significantly increased by pregnancy (Fig. 6C) , and there was no significant effect on nuclear DNA content (Fig. 6D) . These data indicate that pregnancy-induced liver growth is accomplished by hyperplasia and (limited) hypertrophy in the absence of Fxr. The Fxr Ϫ/Ϫ mice were the only group to have a raised proportion of apoptotic cells, and this was exacerbated by pregnancy (Fig. 6E) .
Consistent with the phenotypic observations, the effects of pregnancy on cell-cycle regulators were similar in wild-type and Pxr Ϫ/Ϫ mice. Pregnancy also had similar effects on the expression of p21 and p53 in normally fed and long-term cholate-fed mice, but the expression of Cyclin-D1 and p27 were decreased by pregnancy only in control animals (Fig. 6F) . Cyclin-D1 and p53 were similarly affected by pregnancy in wild-type and Fxr Ϫ/Ϫ mice. However, the expression of the tumor suppressor p27 was induced by pregnancy in Fxr Ϫ/Ϫ mice, whereas it was markedly repressed by pregnancy in wild-type animals (Fig. 6F) . Differences in the observed mechanisms of gestational liver growth in cholate-fed and Fxr Ϫ/Ϫ mice are, therefore, reflected by the altered expression of cell-cycle regulators.
Although bile acids and pregnancy increased Cyp2b10 in wild-type animals, nonpregnant Fxr Ϫ/Ϫ mice did not show increased Cyp2b10, and pregnant Fxr Ϫ/Ϫ mice failed to show an increase in Cyp2b10 (Supplemental Fig. S3 ). This argues against compensatory activation of Car in mice lacking Fxr. In contrast, Pxr Ϫ/Ϫ mice showed increases in basal levels of Cyp2b10, suggesting that Car may be activated in Pxr-deficient mice. However, pregnancy-induced increases in Cyp2b10 expression were similar in wild-type and Pxr Ϫ/Ϫ mice (Supplemental Fig. S3) .
From these data, we conclude that the normal mechanism of gestational liver enlargement is broadly maintained in Pxr Ϫ/Ϫ and cholate-fed mice. In mice lacking Fxr, however, pregnancyinduced hepatocyte hypertrophy is blunted and liver growth is achieved by adaptive hyperplasia.
DISCUSSION
In this study, we have characterized pregnancy-induced liver growth in mice and have provided novel insights into potential signals that drive this process. By demonstrating altered mechanisms of gestational hepatomegaly in the absence of the nuclear receptor Fxr (summarized in Fig. 7) , we have shown that adaptive processes exist to maintain gestational liver growth.
Importantly, we show that liver size increases as a linear function of fetal number and is disproportional to maternal body weight during midgestation. These findings demonstrate that the liver is not simply responding to changes in maternal mass and that the increase in size occurs proportionally to the increase in metabolic demand from the fetoplacental unit. Some mechanisms that achieve gestational hepatomegaly have been characterized, in detail, here for the first time. In agreement with Hollister et al. (13), and using independent assays, we report hepatocyte hypertrophy in pregnant mice. Hollister et al. reported that pregnancy in mice did not affect total liver DNA content (13) , but, by immunostaining for Ki-67 and performing two independent assays on biological replicates for nuclear DNA content, we have clearly shown that hepatocytes enter the cell cycle and increase their nuclear DNA content during pregnancy. These findings have significant implications in the understanding of the physiological regulation of the hepatocyte cell cycle, in particular its ability to increase functional capacity without risking mitogen-induced proliferation. We propose that the hypertrophic effects of pregnancy are physiologically preferable to potentially harmful hepatocyte proliferation.
The gestational liver growth described here shares some common features with liver growth that occurs during other developmental processes, such as neonatal liver growth (1) and the process of polyploidy that occurs during the suckling to weaning transition (5). However, these processes are distinct because liver growth during pregnancy does not mirror changes in maternal body weight, which is the case in neonatal liver growth. Furthermore, the suckling to weaning transition causes the emergence of binuclear hepatocytes (5), which is a feature not shared with gestational liver growth. Indeed, this is one of the few reports describing a physiological process in adult mice that causes controlled cell-cycle entry and markedly alters the expression of cell-cycle regulators in a normally quiescent organ.
Serum levels of reproductive hormones increase dramatically during pregnancy, and administration of superphysiological levels of E2 (26) or P4 (19) can cause hepatotoxicity and hepatomegaly in rodents. For these reasons, pregnancy levels of E2 and P4 were delivered to mice via silastic implants over a time course similar to that of pregnancy. These treatments had no effect on liver size, suggesting that reproductive hormones alone are unlikely to be the primary liver growthpromoting signal during pregnancy.
Bile acids are raised during pregnancy in humans (4) and can drive liver growth in rodents at relatively low serum concentrations (14) . We have shown that total serum bile acids also increase during mouse pregnancy and that the magnitude of liver growth during pregnancy is similar to that caused by feeding a 0.5% cholate diet. However, despite evidence of cell-cycle entry and polyploidy under both conditions, pregnancy and cholate feeding had largely differential effects on the protein expression of the cell-cycle regulators investigated here. Furthermore, cell-cycle progression was uncoupled from mitosis in the pregnant but not cholate-fed mice. Raised serum bile acids in the pregnant mice might contribute to the entry of hepatocytes into the cell cycle, but, if this is the case, other gestational factors prevent the cellular progression to mitosis. Although we have used cholate feeding as a model of bile acid overload, a limitation of this study is that this regimen likely does not mimic the complex changes that occur to the bile acid pool during pregnancy (4) . Despite this, the marked differences in cellular events observed in pregnant and cholate-fed mice are unlikely to be explained by subtle alterations in bile acid profiles. Data from Fxr Ϫ/Ϫ and Pxr Ϫ/Ϫ mice also demonstrate that raised serum bile acids are not an absolute requirement for gestational liver growth in mice.
Because both cholate feeding and pregnancy cause cellcycle progression and DNA replication, we assessed the effects of pregnancy in long-term cholate-fed mice and in mice lacking the bile acid receptors Fxr and Pxr. The normal mechanisms of gestational liver enlargement, i.e., hypertrophy, increased DNA replication, and cell-cycle arrest before mitosis, were broadly maintained in Pxr Ϫ/Ϫ and long-term cholate-fed mice. However, Fxr is required to maintain the normal mechanisms of gestational liver enlargement because, in Fxr Ϫ/Ϫ mice, hepatocyte proliferation appears to contribute significantly to the liver growth during pregnancy. Although these data indicate redundancy in the mechanisms of gestational liver enlargement, it is possible that the proliferation observed in Fxr Ϫ/Ϫ mice puts them at even higher risk of developing the hepatocellular carcinoma that is reported in mice lacking Fxr (15, 27) . Fxr is required for the normal mechanisms of recovery from partial hepatectomy (14) , and this is the first report demonstrating a role for this receptor in maintaining cell-cycle events during a normal developmental process.
Pregnancy is associated with alterations in many factors that could contribute to maternal hepatomegaly. This report has demonstrated that changes in circulating reproductive hormone and bile acid levels are not sufficient to explain pregnancyinduced liver growth. Among others, hyperphagia, insulin, IGF, growth hormone, and placental lactogen signaling are known to affect liver morphology and are also affected during pregnancy (2, 5, 9, 10) . Although determining the individual contribution of these factors to gestational liver growth is an important area for future work, this could prove difficult because of their roles in maintaining other physiological adaptations during pregnancy and the fact that these factors are likely to have redundant and overlapping functions. The fact that we observed liver enlargement on the 12th day of pregnancy suggests that lactogens of placental origin may initiate the process because, at this time point, significant placental development has occurred, with placental lactogen release (21) . Maternal hepatic growth hormone and prolactin receptor expression increase dramatically during pregnancy (7). In addition, the fact that liver size increases in proportion to fetal number supports the notion that fetal or placental signals contribute to gestational hepatomegaly. Understanding the signals driving pregnancy-induced liver growth, hepatocyte hypertrophy, and cell-cycle arrest at S/G2 in mouse models may suggest strategies to more safely promote increases in liver function in women during periods of increased metabolic demand.
The fact that there are a number of pregnancy-specific liver diseases in humans (e.g., intrahepatic cholestasis of pregnancy, HELLP syndrome, and acute fatty liver of pregnancy) suggests that this organ is under increased metabolic demand during gestation. Our data suggest that, in humans, any effect of pregnancy on liver size will be less marked than in mice because of the reduced fetoplacental mass-to-body weight ratio in pregnant women. Total serum bile acids are increased in pregnant humans (22) , and we have also shown this in mice. The biochemical and cell-cycle changes induced in mice by bile acids as observed in the present study may provide useful targets to evaluate during gestational liver disease in women.
In summary, we have characterized the cellular mechanisms that achieve gestational liver enlargement in mice. This is an important physiological process that precedes changes in maternal body weight, causes controlled cell-cycle entry, polyploidy, and cell growth that is uncoupled from potentially harmful mitosis. The bile acid receptor Fxr is the first receptor to be identified as being required for maintaining the normal mechanisms of gestational liver growth. As such, the role of Fxr in controlling functional liver mass is here expanded, beyond liver regeneration, to a normal developmental process. 
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